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HIGHLIGHTS 


►  Hexagonal  p6mm  symmetry  was  used  as  a  model  structure  to  understand  EDLC  behavior. 

►  The  lengthy  straight  channels  act  as  ion-highways  and  allow  for  fast  ion  transport. 

►  The  micropores  connecting  mesochannels  dramatically  slow  down  the  ion  transport. 

►  The  mesochannel  length  can  be  dominant  factor  determining  the  ion  transport. 
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Ordered  mesoporous  carbons  have  attracted  great  interest  for  their  potential  use  to  electrodes  for  electric 
double  layer  capacitors.  However,  it  is  crucial  to  develop  an  electrode  such  that  the  active  sites  within  the 
mesoporous  carbons  are  accessible  to  electrolyte  solution  species  via  facile  mass  transport  through  well- 
defined  pores.  Here,  we  investigate  the  electrolyte  accessibility  and  the  effective  mass  transport  for  the 
ordered  mesoporous  carbons  possessing  p6mm  symmetry,  whereas  having  different  mesochannel 
length,  formed  by  soft-templating  self-assembly.  Mesoporous  carbons  were  prepared  from  a  thermo¬ 
setting  phenolic  resin  and  a  thermally  decomposable  copolymer  template  in  ethanol/water  solutions  of 
different  molar  ratios.  The  general  evolution  of  the  mesophase  follows  the  trends  that  are  expected  based 
on  packing  parameters  due  to  swelling  of  the  hydrophobic  volume  of  the  copolymer  micelles.  However, 
changes  in  mesochannel  length  and  the  degree  of  long-range  order  are  found  to  depend  on  ethanol/ 
water  ratio.  Electrochemical  impedance  spectroscopy  was  used  to  assess  the  transport  properties.  The 
impedance  data  clearly  demonstrated  that  the  degree  of  long-range  order  and  channel  length  can  be 
a  dominant  factor  that  determines  the  transport  and  the  degree  to  which  the  equilibrium  adsorption 
sites  are  accessible.  The  lengthy  mesochannels  in  well-ordered  mesoporous  carbon  serve  as  ion- 
highways  and  allow  for  very  fast  mass  transport  into  the  micropores  of  the  channel  frameworks. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Ordered  mesoporous  materials  formed  via  self-assembly  of 
surfactants  and  framework  sources  are  unique  because  they 
possess  regular  arrays  of  uniform  channels  [1—6],  Ordered  meso¬ 
porous  carbons  were  initially  made  by  hard-templating  method 
using  silica  templates  [7—10]  but  were  later  synthesized  by  soft- 
templating  method  using  thermally  decomposable  triblock  copol¬ 
ymers  [11—16],  This  method  uses  the  organic— organic  interaction 
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between  a  thermosetting  polymer  resin  and  copolymer  to  form  an 
ordered  nanocomposite  by  self-assembly.  The  thermosetting 
polymer  resin  is  carbonized  by  heating  under  inert  atmosphere, 
after  which  process  it  remains  as  a  carbon  pore  walls  containing 
micropores.  On  the  other  hand,  the  surfactant  can  be  burned  out  to 
form  uniform  mesopores.  The  advantages  of  this  method  are  to  be 
able  to  perform  large-quantity  synthesis  and  easy  morphology 
control,  and  to  obtain  ordered  mesoporous  straight  channels 
which  have  never  before  been  seen  in  mesoporous  carbons  ob¬ 
tained  by  the  hard-templating  method.  Thus,  the  obtained  meso¬ 
porous  carbons  are  fascinating  for  model  material  for  host-guest 
applications. 

Such  mesoporous  carbons  have  potential  applications  as 
adsorbents,  sensors,  catalyst  supports,  membrane  separations, 
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hosts  for  biomaterials,  templates  for  nanoparticles,  and  electric 
devices,  and  energy  storage  and  conversion  systems  [17—19],  The 
development  of  advanced  electric  double  layer  capacitors  (EDLC) 
which  are  electrical  storage  media  based  on  the  physisorption  of 
ions  and  improvement  in  the  understanding  of  the  transport  and 
adsorption  phenomena  of  electrolyte  ions  within  carbon  media  has 
attracted  much  attention  [20—22],  In  theory,  the  capacitance  of 
EDLC  should  be  proportional  to  the  specific  surface  area  of  carbon 
media.  However,  many  studies  have  shown  an  unfavorable  diver¬ 
gence  from  this  linear  relation.  The  performance  of  EDLC  depends 
on  the  properties  of  the  carbon  media,  such  as  pore  size,  pore 
structure,  surface  functional  groups,  and  electronic  conductivity 
[23-37],  However,  it  is  difficult  to  draw  a  simple  relationship 
between  the  structural  and  morphological  properties  of  carbon 
media  and  the  EDLC  performance,  because  of  the  complicated 
structures  of  the  carbon  media.  Many  researchers  have  therefore 
made  great  efforts  to  reveal  the  mechanism  of  EDLC  by  using 
accurate  designed  carbon  materials  as  model  electrodes.  Simon’s 
group  has  reported  the  critical  effect  of  the  pore  size  on  the 
capacitance  by  using  carbide-derived  carbons  with  tunable 
micropore  size  distributions  [28—31],  By  using  zeolite-templated 
carbons  with  ordered  micropore  structures,  Kyotani’s  group 
examined  the  effect  of  micropore  structure  on  the  performance  of 
EDLC  [32,33],  Many  groups  have  studied  the  impacts  of  the  ordered 
mesopores  on  ion  transport  by  evaluating  the  rate  performance  of 
EDLC  which  are  based  on  ordered  mesoporous  carbons  prepared  by 
the  hard-templating  method  [34—36],  Long’s  group  has  recently 
reported  the  effects  of  mesopore  symmetry  on  the  ion  transport  by 
using  mesoporous  carbons  with  three-dimensional  cubic,  two- 
dimensional  hexagonal,  and  wormhole-like  mesostructures 
formed  by  the  soft-templating  self-assembly  [37],  The  use  of  such 
accurate  designed  model  materials  is  thus  useful  towards  under¬ 
standing  the  mechanism  of  EDLC. 

The  specific  capacitance  and  energy  storage  characteristics  of 
EDLC  are  strongly  affected  by  the  capability  of  carbon  media  to 
adsorb  a  large  quantity  of  ions  under  an  applied  potential  and 
attract  the  ions  closer  to  the  pore  walls.  The  capacitive  rate 
performance  is  determined  by  how  fast  the  ions  can  travel  within 
the  pores.  Introducing  the  mesoporous  structure  has  been  proved 
effective  for  increasing  the  capacitance.  However,  it  is  not  the 
mesopore  surfaces  but  micropore  surfaces  that  mainly  store  ions 
from  a  viewpoint  of  surface  area  contribution.  Besides  the  meso¬ 
pore  size  and  arrangement,  the  pore  depth,  tortuosity,  and  acces¬ 
sibility  must  be  useful  for  transport  behavior,  limiting  the  sizes  and 
orientations  of  solvated  ions.  In  this  report  we  focus  on  how 
differences  in  the  mesochannel  length  and  the  degree  of  long-range 
order  influence  the  EDLC  performance,  especially  the  mass  trans¬ 
port  resistance,  electrolyte  accessibility,  charging  kinetics,  and 
frequency  responses,  and  aim  to  contribute  to  the  design  of 
advanced  mesoporous  carbons  and  open  a  new  strategy  towards 
preparation  of  the  electrode  carbon  materials. 

2.  Experimental 

2.1.  Chemicals 

Resorcinol,  phloroglucinol,  formaldehyde  (36-38  wt%),  5  N  HC1, 
and  ethanol  were  purchased  from  Wako  Pure  Chemical  Industries 
and  used  as  received.  Pluronic  F127  was  purchased  from  Sigma— 
Aldrich  Chemical  Co.  and  used  as  received. 

2.2.  Soft-templating  synthesis  of  ordered  mesoporous  carbons 

Resorcinol  and  phloroglucinol  were  completely  dissolved  in 
ethanol/water  solution,  HC1  was  added,  and  the  solution  was  stirred 


for  30  min.  Pluronic  F127  was  then  added,  and  after  it  was 
completely  dissolved,  formaldehyde  was  added.  The  final  molar 
composition  of  the  coating  solution  was  3  resorcinol:  1  phlor¬ 
oglucinol:  0.02  Pluronic  F127:  9  formaldehyde:  0.1  HC1:  20-200 
ethanol:  40  water.  The  solutions  were  left  at  room  temperature 
over  night,  during  which  they  separated  into  two  phases.  The  upper 
clear  phase  was  discarded;  the  lower  dark  brown  phases  were 
preheated  at  100  °C  for  1  h  in  air.  The  resultant  brown  deposition 
was  carbonized  under  a  nitrogen  atmosphere  at  800  or  1000  °C  for 
3  h  at  a  heating  rate  of  1  °C  min-1. 

2.3.  Characterization 

The  ordered  structure  of  the  samples  was  investigated  with 
small-angle  X-ray  scattering  (SAXS).  SAXS  measurements  were 
recorded  on  an  MXP-SAXS3  M03XHF  (Mac  Science  Co.,  Ltd.)  using 
Cu  Ka  radiation  with  X  =  1.5418  A;  the  copper  anode  was  operated 
at  40  kV  and  30  mA.  Nitrogen  adsorption/desorption  isotherms  of 
the  samples  were  measured  at  77  K  using  a  BELSORP-max  instru¬ 
ment  (Bel  Japan,  Inc.),  and  the  surface  area  was  determined  using 
the  Brunauer— Emmett— Teller  (BET)  formalism.  The  pore  size 
distribution  was  derived  from  the  adsorption  branches  of  the 
isotherms  by  the  Barrett-Joyner-Halenda  (BJH)  model.  Trans¬ 
mission  electron  microscopy  (TEM)  images  of  the  mesoporous 
carbons  were  recorded  on  a  JEM-2010  microscope  (JEOL  Ltd.)  at  an 
acceleration  voltage  of  200  kV. 

2.4.  Electrochemical  measurements 

The  mesoporous  carbons  were  mixed  with  polytetrafluoro- 
ethylene  (PTFE)  (Daikin  Industries,  Ltd.)  binder  and  carbon  black  to 
form  composites  consisting  of  80  wt%  mesoporous  carbon,  10  wt% 
PTFE,  and  10  wt%  carbon  black.  The  resulting  composite  paste  was 
made  into  a  rubbery  film  of  about  0.2  mm  in  thickness  and  left  to 
dry  under  vacuum  at  80  °C  over  night.  The  film  was  cut  into 
1  cm  x  1  cm  pieces  and  used  as  electrodes.  Pt  plate  coated  by  a  thin 
layer  of  conductive  paint  was  used  as  a  current  collector.  The 
conductive  paint  was  used  to  reduce  the  interfacial  resistance 
between  the  electrode  and  the  current  collector.  In  addition,  Pt— 
electrode— separator— electrode— Pt  sandwich  was  pressed  at 
1  MPa  to  reduce  the  interfacial  resistance.  The  EDLC  were  assem¬ 
bled  in  a  three-electrode  configuration  in  aqueous  1  M  H2S04  and 
0.5  M  tetraethylammonium  tetrafluoroborate  (EtjNBF^/poly- 
propylene  carbonate  (PC)  electrolyte  solutions.  An  Ag/AgCl  was 
used  as  a  reference  electrode.  The  electrodes  were  then  exposed  to 
a  vacuum  for  1  h  to  impregnate  an  electrolyte  solution  into  the 
working  and  counter  electrodes.  Electrochemical  measurements 
consisted  of  cyclic  voltammetry  (CV)  and  EIS  using  a  charge- 
discharge  apparatus  (HX5000,  Hokuto  Denko).  The  EIS  measure¬ 
ments  were  carried  out  in  the  frequency  range  of  10  mHz— 20  kHz 
with  a  10  mV  AC  amplitude.  All  the  electrochemical  measurements 
were  carried  out  at  25  °C. 

3.  Results  and  discussion 

3.1.  Synthesis  and  characterization  of  ordered  mesoporous  carbons 

Fig.  1  shows  SAXS  patterns  of  carbonized  powdery  samples 
prepared  by  the  sol— gel  method.  The  ethanol/water  molar  ratio  in 
the  precursor  solution  ranges  from  0.5  to  5.0.  For  the  powder 
synthesis,  the  dark  brown  glue-like  precipitates  were  obtained  and 
pyrolyzed  to  form  powdery  solids.  The  samples  look  like  rocky 
fragments  on  the  order  of  several  tens  of  millimeters  and  can  be 
easily  crushed  into  a  fine  powder.  Since  the  particle  size  of  meso¬ 
porous  carbons  can  affect  the  inner  electrical  resistance,  the 
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2  theta  /deg. 

Fig.  1.  SAXS  patterns  of  mesoporous  carbons  prepared  at  different  ethanol/water 
molar  ratios.  The  carbonization  temperature  was  800  °C. 

particle  size  was  adjusted  to  be  almost  the  same  (75  ±  29  pm)  by 
dry  grinding  in  ceramic  ball  mill  and  sieving  process.  All  the  SAXS 
patterns  exhibit  three  peaks  in  the  region  of  28  =  0.5— 2.0°,  which 
can  be  indexed  as  the  (100),  (110),  and  (200)  reflections  associated 
with  the  two-dimensional  hexagonal  p6mm  symmetry.  As  the 
ethanol/water  molar  ratio  increased,  the  well-resolved  higher  order 


peaks,  (110)  and  (200)  appeared  in  the  SAXS  pattern,  indicating  the 
development  of  long-range  order  of  the  channel  system.  At 
ethanol/water  molar  ratios  ranging  from  0.5  to  1.3,  the  higher  order 
peaks  were  less  sharp,  again  suggesting  an  inferior  order  in  the 
channel  structure. 

Fig.  2  shows  TEM  images  of  mesoporous  carbons  prepared  at 
ethanol/water  molar  ratios  ranging  from  1.0  to  5.0.  Three  kinds  of 
mesostructures  were  defined  by  using  SAXS  analysis  and  TEM 
observations.  The  mesoporous  structure  is  composed  of  a  short 
mesochannels  interconnected  in  a  wormhole-like  at  ethanol/water 
molar  ratio  of  1.0  and  1.3.  The  pore  structure  is  similar  to  silica  and 
carbon  films  with  a  wormhole-like  structure  reported  by  Tate  et  al. 
[38]  and  Jin  et  al.  [39],  respectively.  The  samples  with  the  short 
wormlike  mesoporous  channels  are  designated  short-range  order 
(SRO).  At  high  ethanol/water  ratio  the  hexagonal  p6mm  phase  with 
long-range  order  (LRO)  is  favored  while  at  moderate  ethanol/water 
ratio  the  p6mm  phase  with  medium-range  order  (MRO)  is  formed. 
The  mesochannels  of  LRO  range  up  to  at  least  several  micrometers 
in  length  while  those  of  MRO  are  several  hundred  nanometers  in 
length.  Ordered  straight  channels  run  with  coincidence  spacing  of 
about  13  nm,  which  is  in  reasonable  agreement  with  the  d-spacing 
calculated  from  the  SAXS  pattern. 

The  porous  structures  of  the  carbons  were  investigated  by 
nitrogen  adsorption/desorption  measurements  shown  in  Fig.  3.  At 
ethanol/water  molar  ratio  of  1.3,  the  powders  carbonized  at  800  °C 
show  typical  type-IV  curves  with  hysteresis  loops  and  sharp 
capillary  condensation,  ascribed  to  the  uniform  mesopores  inside 
the  carbons.  Of  particular  interest  is  that  the  hysteresis  patterns 


Fig.  2.  TEM  images  of  mesoporous  carbons  prepared  at  different  ethanol/water : 


s.  The  carbonization  temperature ' 
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differ  among  the  degrees  of  order,  SRO,  MRO,  and  LRO.  In  adsorp¬ 
tion/desorption  isotherm  of  SRO,  an  asymmetric  shape  of  type-H2 
hysteresis  loop  was  observed,  which  is  believed  to  result  from 
interconnected  pore  structures  [40—44],  The  hysteresis  loop  of  LRO 
was  more  symmetric  shape  of  type-Hl  compared  to  that  of  MRO. 
The  type-Hl  hysteresis  had  been  associated  with  porous  materials 
exhibiting  a  narrow  distribution  of  cylindrical  pores  open  at  both 
ends  [44], 

3.2.  Structures  of  ordered  mesoporous  carbons 

Table  1  summarizes  the  results  of  the  pore  structure  analysis. 
The  d-spacing,  pore  size,  pore  wall  thickness,  BET  surface  area, 
and  pore  volume  change  with  ethanol/water  molar  ratio.  Fig.  4 
summarizes  the  variation  in  the  d-spacing,  pore  size,  and  pore 
wall  thickness  as  a  function  of  the  ethanol/water  molar  ratio.  Both 
show  that  the  d-spacing  and  pore  size  slightly  increases  with 
increasing  ethanol/water  molar  ratio.  On  the  other  hand,  there  is 
only  a  small  difference  in  the  pore  wall  thickness,  BET  surface  area, 
and  micropore  volume  of  the  samples  at  different  ethanol/water 
molar  ratios. 

The  trends  in  mesophase  structure  may  be  rationalized  in  the 
context  of  packing  parameters.  In  this  model,  the  effective  area  of 
the  headgroup  is  compared  with  the  volume  of  the  surfactant  to 
control  the  curvature  of  micellar  array  [45].  It  takes  the  form  v/aolc 
where  v  is  the  volume  of  the  hydrophobic  segment,  ao  is  the 


effective  area  of  the  headgroup,  and  lc  is  the  critical  chain  length. 
This  model  predicts  spherical  aggregates  for  packing  parameters 
less  than  1  /3,  cylindrical  aggregates  from  1  /3  to  1  /2,  and  lamellar  or 
bicontinuous  structures  as  it  increases  to  1.  For  the  copolymer 
systems  discussed  here,  the  effective  area  of  the  headgroup  is 
difficult  to  estimate  since  phenolic  resin  and  solvent  associate  with 
the  PEO  segment.  However,  the  model  may  be  used  to  understand 
trends.  At  higher  ethanol/water  ratio,  the  micellar  array  in  which 
the  core  is  composed  of  hydrophobic  hydrocarbon  chains  partici¬ 
pates  in  the  solubilization  of  ethanol.  The  effective  area  of  the 
headgroup  is  smaller,  tending  to  favor  structures  composed  of 
cylindrical  aggregates.  Incremental  addition  of  ethanol  results  in 
a  decreasing  interfacial  curvature  together  with  accompanying 
increase  in  pore  size.  In  addition,  ethanol  swells  the  hydrophobic 
volume  of  the  micellar  array  and  interacts  with  both  PPO  and  PEO 
segments  because  it  is  highly  polar  molecule.  Thus,  ethanol  is 
located  at  the  hydrophilic— hydrophobic  interface  (PEO/PPO)  and 
helps  in  stabilizing  the  interface,  leading  to  the  formation  of 
lengthy  cylindrical  aggregates.  The  well-defined  structures  follow 
the  expected  evolution  based  on  the  packing  parameter. 

From  these  above  results,  mesoporous  carbons  with  ordered 
straight  channels  of  different  lengths  were  found  to  be  obtained. 
SRO  has  a  lot  of  mesopore  junctions  connected  with  micropores  or 
dense  carbon  layer.  MRO  has  many  domains  which  are  composed  of 
medium-range  hexagonal  mesostructure  exist  and  oriented  with 
different  rotational  directions.  LRO  has  exceptional  long-range 


Structural  and  electrochemical  characteristics  of  mesoporous  carbons  prepared  at  different  ethanol/water  molar  ratios.  The  carbonization  temperature  was  800  °C.a 


Ethanol/ 

of  order 

Mesopore 
sizec  (nm) 

Mesopore 
walld  (nm) 

Sbe re(m2/g) 

Vt  (cc/g) 

Vmicro8  (Cc/g) 

Vmeso"  (cc/g) 

Caq‘(F/g) 

(pF/cm2) 

C„k(  F/g) 

CSo' 

(pF/cm2) 

0.5 

SRO 

10.6  (-) 

4.0  (4.0) 

8.2  (-) 

490  (410) 

0.24  (0.26) 

0.20  (0.21) 

0.04  (0.05) 

68  (59) 

14(14) 

8  (-) 

2  (-) 

1.0 

SRO 

11.4(9.7) 

5.0  (4.2) 

8.2  (7.0) 

520  (400) 

0.34  (0.24) 

0.22  (0.20) 

0.12  (0.04) 

72  (65) 

14(16) 

9(16) 

2(4) 

13 

SRO 

11.8(10.0) 

5.2  (4.4) 

8.4  (7.1) 

510  (480) 

0.36  (0.31) 

0.21  (0.20) 

0.15(0.11) 

81  (80) 

16(17) 

14(40) 

3(8) 

2.5 

MRO 

12.3  (11.7) 

5.7  (5.6) 

8.5  (7.9) 

640  (510) 

0.57  (0.55) 

0.24  (0.22) 

0.33  (033) 

153  (128) 

24(25) 

69  (86) 

11(17) 

5.0 

LRO 

12.6  (12.4) 

6.1  (6.1) 

8.4  (8.2) 

550  (540) 

0.55  (0.55) 

0.22  (0.22) 

0.33  (033) 

138  (146) 

25  (27) 

94  (98) 

17(18) 

a  Values  shown  in  parenthesis  are  those  of  carbons  carbonized  at  1000  °C. 
b  d-Spacing  calculated  from  SAXS  and  Fourier  diffractogram  of  TEM. 
c  Mesopore  diameter  calculated  by  the  BJH  method  using  adsorption  branches. 

d  Mesopore  wall  thickness  calculated  by  subtracting  the  pore  size  from  the  distance  between  pores.  Distance  between  pores  calculated  by  the  formula  2 d/V3  assuming 
a  hexagonal  unit  cell. 
e  BET  surface  area. 

f  Total  pore  volume  calculated  as  the  amount  of  nitrogen  adsorbed  at  a  relative  pressure  of  0.95. 

g  Micropore  volume  calculated  from  the  V-t  plot  method  using  the  de  Boer  equation,  t/A  =  ^/[lB.Sg/flogfPo/P)  +  0.0340)];  Vjmm,  =  0.001547V,  where  Y  represents  the 
V-intercept  in  the  V-t  plot. 

h  Mesopore  volume  calculated  by  subtracting  the  value  of  Vmicro  ft°m  that  °f  Vf. 

'  Specific  capacitance  of  electrode  in  1  M  H2SO4  electrolyte  (potential  scan  rate  is  1  mV  s'1);  Caq  =  A//2  V-m.  where  I,  V,  and  m  represent  the  current,  the  scan  rate,  and  the 
mass  of  the  carbon  sample,  respectively. 

j  Interfacial  capacitance  of  electrode  in  1  M  H2SO4  electrolyte  (potential  scan  rate  is  1  mV  s  ');  Gaq  =  Caq/SBET- 
k  Specific  capacitance  of  electrode  in  0.5  M  Et4NBF4  electrolyte  (potential  scan  rate  is  10  mV  s'1);  C„  calculated  as  is  the  case  with  Caq. 

1  Interfacial  capacitance  of  electrode  in  0.5  M  Et4NBF4  electrolyte  (potential  scan  rate  is  10  mV  s'1);  Cs„  =  C0/SBEr ■ 
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Fig.  4.  Variation  in  the  d-spacing,  pore  size,  and  pore  wall  thickness  as  a  function  of 
the  ethanol/water  molar  ratio.  The  carbonization  temperature  was  800  °C. 


hexagonal  order  with  well-organized  mesochannels  that  extend 
over  micrometer-sized  regions  with  few  defects  and  large  pore  size 
with  narrow  pore-size  distributions.  However,  given  these  above 
information,  the  pore  accessibility  is  still  not  known  exactly  for 
SRO,  MRO,  and  LRO.  In  order  to  investigate  the  electrolyte  acces¬ 
sibility  and  mass  transport  properties  of  the  carbons  and  discern 
the  effects  of  pore  topology,  tortuosity,  and  channel  length, 
a  kinetically-observation  of  the  ion  storage/transfer  behavior  is 
required.  Accordingly,  we  adopt  these  mesoporous  carbons  to 
further  study  the  effects  of  pore  structure  on  the  EDLC  perfor¬ 
mance.  The  effect  of  mesochannel  length  would  become  more 
apparent  if  the  mesoporous  carbons  with  only  difference  in  the 
degree  of  order,  SRO,  MRO,  and  LRO,  were  used  as  model  electrodes. 
Which  one  is  better  accessibility  and  diffusivity?  Let’s  find  out  their 
electrochemical  performances. 

3.3.  Electrochemical  performances  of  mesoporous  carbons 

The  CV  curves  of  initial  efforts  to  estimate  the  electrochemical 
performance  of  electrodes  are  shown  in  Fig.  5.  The  capacitance  for 
SRO,  MRO,  and  LRO  was  evaluated  with  a  three-electrode  cell  and 
calculated  for  one  electrode.  The  electrodes  were  prepared  by 
pressing  procedure  to  neglect  the  collector/electrode  contact 
resistance.  It  can  be  seen  that  the  CV  curves  of  MRO  and  LRO 
electrodes  both  exhibit  a  symmetric  rectangular  shape  without 
obvious  redox  peaks,  indicating  typical  EDLC  behavior.  However, 
the  CV  curve  of  SRO  was  distorted  rectangular  shape,  suggesting 


that  the  proton  has  a  higher  mobility  than  that  of  the  larger  size 
sulfate  ion  in  the  inner  pores  of  SRO.  Of  particular  interest  is  that 
the  interfacial  capacitance  increased  with  developing  the  long- 
range  order  although  there  is  no  large  difference  in  BET  surface 
area.  The  MRO  and  LRO  electrodes  can  achieve  the  interfacial 
capacitances  of  up  to  25  p,F  cm-2  (Table  1),  which  are  comparable 
or  even  better  performance  compared  to  the  reported  literature 
[46-50],  The  capacitance  variation  with  the  potential  scan  rate  is 
an  important  issue  in  high-rate  capacitors.  Fig.  6  shows  the  scan 
rate  dependence  of  the  relative  capacitance.  The  capacitance 
decreased  with  increasing  the  potential  scan  rate.  However,  the 
capacitance  decrease  was  less  sensitive  as  the  degree  of  order 
developed.  The  LRO  electrode  resulted  in  excellent  capacitance 
retention  at  high  scan  rate. 

As  in  the  use  of  non-aqueous  electrolyte,  LRO  shows  superior 
capacitance.  In  addition,  the  carbonization  at  higher  temperature 
improved  their  capacitances.  The  interfacial  capacitance  of  LRO 
is  two  times  higher  than  that  of  commercial  activated  carbons  (5- 
8  pF  cm  2).  The  size  of  Et4N+  ions  is  reported  to  be  about  0.7  nm 
[51].  Therefore,  the  diffusivity  of  the  Et4N+  ions  in  micropores 
seems  to  be  much  smaller  than  that  of  H+.  For  ordered  mesoporous 
carbons,  the  micropores  are  present  in  very  thin  carbon  pore  walls 
of  about  8  nm.  Although  there  is  no  large  difference  in  pore  wall 
thickness,  LRO  has  exceptional  narrow  distributions  of  pore  wall 
thickness  compared  to  SRO  and  MRO.  Thus,  the  diffusion  path 
length  in  pore  walls  is  very  short  and  uniform,  which  provide  a  fast 
penetration  of  ions.  However,  it  is  still  unclear  at  this  stage  which 
factor,  electronic  or  ionic  conductivity  or  both,  enhanced  the 
capacitance  and  high-rate  performance. 

3.4.  Electrochemical  impedance  spectroscopy  of  mesoporous 
carbons 

Although  the  CV  method  can  be  utilized  to  estimate  the  ion 
transport  behavior,  it  is  still  unable  to  precisely  describe  the  actual 
electrochemical  diffusion  process.  It  is  quite  important  to  further 
investigate  the  influence  of  pore  length  and  tortuosity  on  mass 
transport  based  on  EIS,  which  is  believed  to  be  a  powerful  tool  for 
obtaining  the  dynamic  information  of  ion  transport  and  charge 
transfer  [52-56],  Fig.  7  shows  the  complex-plane  Nyquist  plots  for 
SRO,  MRO,  and  LRO  electrodes.  At  the  high-medium  frequency 
region,  all  carbons  exhibit  a  depressed  semicircle,  then  straight 
lines  nearly  vertical  to  the  realistic  impedance  axis  when  frequency 
is  lower  than  the  knee  frequency.  An  electrode/electrolyte  interface 
can  be  presented  by  equivalent  circuit  involving  some  electronic 
elements  when  it  is  analyzed  by  EIS.  Typical  equivalent  circuit  for 
EDLCs  is  shown  in  Fig.  7.  When  the  charge  transfer  resistance  Rrt 
and  mass  transport  impedance  Zmt  are  assumed  for  the  electrode, 
the  equivalent  circuit  involves  the  series  of  Ret  and  Zmt,  and  the 


Fig.  5.  CV  curves  of  SRO,  MRO,  and  LRO  electrodes  in  1  M  H2SO4  electrolyte  (left;  potential  scan  rate  is  1  mV  s  1)  and  0.5  M  EtjNBF^PC  electrolyte  (right;  potential  scan  rate  is 
10  mV  s_1).  SRO,  MRO,  and  LRO  were  prepared  at  ethanol/water  molar  ratio  of  1.3,  2.5,  and  5.0,  respectively.  The  carbonization  temperature  was  800  °C. 
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series  element  is  connected  in  parallel  with  the  electric  double 
layer  capacitance  Cdi.  In  addition,  they  are  connected  in  series  with 
the  solution  resistance  RS0|.  At  high  frequency,  the  impedance  can 
be  simplified  as  follows  [53], 

(Re(Z)  -  Rsol  -  Rct/2)2+Im(Z)2  =  (RcC/2)2 

The  intercept  of  the  curve  with  the  real  axis  gives  an  estimation 
of  Rsol.  In  addition,  this  means  that  the  semicircle  diameter  is  Rct. 
The  semicircle  does  not  depend  on  Cdi.  In  this  case,  we  used  Rsoi  to 
represent  the  migration  of  electrolyte  ions  in  the  bulk  solution. 
Thus,  it  is  nearly  constant  with  the  same  electrolyte  condition.  Zmt 
is  used  to  represent  the  ion  diffusion  within  the  mesoporous 
carbons.  Ra  includes  the  bulk  carbon,  grain  boundary,  and  interface 
resistances.  The  interfaces  are  at  the  electrode/collector  and  at  the 
electrolyte/pore  surface  of  mesoporous  carbons.  There  is  no  large 
difference  in  the  bulk  carbon  and  electrode/collector  interface 
resistances.  Then,  Rct  depends  on  the  interface  resistance  at  the 
electrolyte/pore  surface  of  mesoporous  carbons.  The  semicircle 
diameter  reflects  Rct  which  is  strongly  dependent  on  the  area  of 
contact  between  the  mesopore  surface  of  carbons  and  electrolyte 
solution,  and  electron  conduction  abilities  can  be  used  to  estimate 
the  formation  rate  of  the  double  layer.  Note  that  the  present  EDLC 
system  is  free  from  the  Faradaic  processes.  As  revealed  by  the 
semicircle,  Rct  decreased  with  increasing  the  degree  of  order  and 
increasing  carbonization  temperature,  in  good  agreement  with  CV 
results.  It  depends  on  the  interface  resistance  at  electrolyte/pore 


surface  of  mesoporous  carbons  due  to  the  electrolyte  wettability.  At 
lower  frequency,  all  electrodes  exhibit  the  straight  line  which  is  the 
capacitive  behavior.  The  deviation  from  the  vertical  line  is  attrib¬ 
utable  to  inner-mesopore  diffusion  resistance  Zmt  for  electrolyte 
ions.  The  advantage  of  using  impedance  is  that  it  can  separate  these 
elementary  steps.  It  can  be  concluded  that  the  LRO  electrode  is 
more  favorable  for  fast  ion  transport  and  charge  transfer,  while  the 
SRO  electrode  shows  the  lower  capacitive  performance. 

EIS  allowed  us  to  estimate  the  capacitance  changes  with  the 
operating  frequency.  The  change  in  absolute  value  of  impedance 
and  capacitance  with  operating  frequency  can  be  estimated  based 
on  EIS,  as  shown  in  Fig.  8.  The  electrolyte  ions  start  to  diffuse  into 
the  mesopores  and  then  into  micropores  with  decreasing 
frequency.  Thus,  the  absolute  value  of  impedance  and  capacitance 
increased  with  decreasing  frequency.  On  the  other  hand,  the 
capacitance  remains  almost  constant  at  the  lower  frequencies.  The 
ac-signal  can  reach  and  charge  more  of  the  inner  surface  sites  of  the 
carbon  electrode  with  decreasing  frequency  [55,56].  The  capaci¬ 
tance  of  SRO  electrode  was  not  saturated  even  at  0.01  Hz.  SRO  has 
a  lot  of  mesopore  junctions  connected  with  micropores  or  dense 
carbon  layer.  Thus,  the  narrow  bottle-necks  prevent  the  achieving 
the  equilibrium  ion  adsorption  within  100  s  time  period.  On  the 
other  hand,  most  of  the  electrolyte  ions  can  reach  the  adsorption 
sites  in  bulk  of  LRO  and  MRO  mesoporous  carbons.  This  indicates 
that  the  ac-signal  penetrates  the  inner  surface  sites  of  LRO  elec¬ 
trode  more  deeply  than  MRO  and  SRO  electrodes,  resulting  in 
a  higher  capacitance.  This  was  attributed  to  the  fact  that  the  ac- 
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Fig.  8.  Change  in  absolute  value  of  impedance  (upper)  and  capacitance  (bottom)  with  operating  frequency  for  SRO,  MRO,  and  LRO  electrodes  in  0.5  M  Et4NBF4/PC  electrolyte.  SRO, 
MRO,  and  LRO  were  prepared  at  ethanol/water  molar  ratio  of  1.3,  2.5,  and  5.0,  respectively.  The  carbonization  temperature  was  1000  °C. 


signal  was  able  to  charge  more  inner  surface  sites  because  the 
wetted  surface  area  of  electrode  increased  due  to  the  mesopore 
accessibility.  We  note  that  the  specific  surface  area  is  dominated  by 
micropores,  suggesting  that  it  is  important  to  understand  how 
utilize  the  micropore  surface  using  mesopore  highways.  The  EIS 
demonstrated  that  the  LRO  electrode  has  superior  mass  transport 
ability  due  to  low  pore  tortuosity.  The  wettability  with  electrolyte 
improved  with  increasing  the  degree  of  long-range  order  and 
developing  the  narrow  distribution  of  pore  wall  thickness. 

4.  Conclusions 

We  have  presented  a  simple  and  straightforward  method  for  the 
preparation  of  ordered  mesoporous  carbons  with  straight  channels. 
The  hexagonal  mesochannels  grow  in  length  by  adjusting  the 
ethanol/water  molar  ratio  in  the  precursor  solution.  Here  we 
present  the  systematic  investigations  of  the  ion  storage/transport 
behavior  in  EDLC  by  using  highly  ordered  and  well-characterized 
mesoporous  carbons  as  model  electrodes.  It  was  found  that  the 
degree  of  order  and  pore  tortuosity  can  be  dominant  factor  that 
determines  the  ion  transport  and  wettability  with  electrolyte.  The 
ordered  straight  channels  act  as  ion-highways,  leading  to  an 
excellent  frequency  response  and  outstanding  capacitance  reten¬ 
tion.  EIS  demonstrated  that  for  SRO  and  MRO  mesoporous  carbons, 
the  interconnected  micropores  and  narrow  bottle-necks  of  meso- 
pores  dramatically  slow  down  the  ion  transport.  For  LRO  meso¬ 
porous  carbon,  the  lengthy  cylindrical  mesostructure  facilitates  the 
faster  ion  transport  along  their  straight  mesochannels  than  within 
tortuous  pathway  of  SRO  and  MRO  mesopores.  The  preparation  and 
application  of  long-range  ordered  mesoporous  carbon  overcame 
the  limitations  of  slow  intraparticle  ion  transport  and  showed 
a  route  for  further  EDLC  performance  enhancement. 
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